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The lichen symbiosis is a complex mutualistic relationship typically between two, but also commonly among three, four, or even more partners (Hawksworth, 1988a) . One form of multiple symbiosis involves one mycobiont and two distinct photobionts. In such triple symbiosis the fungus is lichenized either with two different strains of the same photobiont (Leizerovich et al., 1990) , or two distantly related taxa, e.g., a cyanobacterium and a green alga. In the latter case, the primary photobiont is typically a chlorococcalean alga, while the cyanobacterium is restricted to a subordinate association, called a cephalodium. Cephalodia are established either internally or externally (Jordan, 1972) and are found in about 500 taxa distributed among five orders (James and Henssen, 1976) . Species of most genera of the Peltigerineae (sensu Tehler, 1996) can further develop thalli either exclusively with Nostoc (a cyanobacterium), or with Nostoc and a species of Coccomyxa (a green alga) simultaneously.
Unlike any other suborder of lichenized fungi, the Peltigerineae include genera such as Lobaria, Nephroma, Peltigera, Pseudocyphellaria, Solorina, and Sticta, in which either a cyanobacterium or a green alga can serve as the primary photobiont. Lichenization with a green alga is followed in all these genera by the development of cephalodia. Furthermore, joined green and blue-green lobes (hereafter called chloromorph and cyanomorph, respectively, or photomorph-term introduced by Laundon, 1995-when the nature of the photobiont is not specified) or independent thalli that are chemically and/or morphologically similar except for the nature of the photobiont, have been reported for all these genera (see Henssen, 1976, and Jahns, 1988 , for a review). Alternative photomorphs can differ in their growth form (e.g., Lobaria, Jordan, 1972, and Sticta, Galloway, 1994) ; their morphology (e.g., Peltigera aphthosa-group; HoltanHartwig, 1993; Vitikainen, 1994; Goward et al., 1995; and Pseudocyphellaria, Renner and Galloway, 1982; Galloway, 1988) , their anatomy (e.g., P. venosa ; Ott, 1988) , their chemistry (e.g., Nephroma arcticum; Tønsberg and HoltanHartwig, 1983 ; see also Renner, 1982) , their habitat preferences (White and James, 1987) and the cytology of the actual interactions between symbionts (Honegger, 1982 (Honegger, , 1985 . Whether all these differences are induced by the alternative photobiont or whether some of these reflect the presence of two genetically distinct mycobionts is not clear. Morphology and chemistry alone cannot provide unambiguous evidence for the genetic identity of mycobionts involved in alternative photomorphs. Armaleo and Clerc (1991) provided the first molecular data in support of the ''one fungus-two photomorphs'' hypothesis. However, their conclusion relied on hybridization of restriction digests of total DNA and of restriction site comparisons of PCR products. Despite the high stringency employed in the hybridization experiment, the authors could not exclude the possibility of sequence divergence. Restriction sites represent only a small fraction of available characters for any given sequence and may not offer sufficient resolution to exclude the presence of two species. In order to address the ''one-fungus-two photomorphs'' hypothesis using actual DNA sequence data, we used fungus-specific primers for the amplification of a portion of the nuclear DNA from a total lichen DNA extract. Fungus-specific primers were initially designed by Gargas and Taylor (1992) and Gardes and Bruns (1993) for studying symbiotic or parasitic fungi, and recently, Egger (1995) designed primers specific to ascomycetes for studying ectomycorrhizal communities.
The nrDNA repeat includes the genes coding for the RNAs of the small and large subunits of the ribosome, an internal transcribed spacer (ITS), the 5.8S gene, and an intergenic spacer (IGS) separating two consecutive repeats (see Zimmerman and Dahlberg, 1996 , for extensive review on nrDNA repeat). Concerted evolution due to homogenization (Hillis and Dixon, 1991) may allow for a mutation that is not selected against to be integrated into the primary sequence of every copy of the nrDNA repeat (but see also Sanders et al., 1995) . The amount of variation of a molecule depends on the stringency of functional constraints affecting the transcribed product. Despite being noncoding, the ITSs are not void of structural constraints as suggested by the nonrandom distribution of mutations (Torres et al., 1990; van der Sande et al., 1992; Liu and Schardl, 1994; Schlö tterer et al., 1995; Buckler and Holtsford, 1996) . These moderate selection pressures have lead to a level of variation in the ITS that is presumed to be negligible within most species but significant between species. ITS sequence data have been used for phylogenetic reconstructions within fungal genera (Hibbett, 1992 , for initial review; Carbone and Kohn, 1993; Zambino and Szabo, 1993; Messner et al., 1995) and particularly for phylogenetic studies in vascular plants (see Baldwin et al., 1995, for review) . ITS sequences of lichenized fungi were first reported for Cladonia chlorophaea by De Priest and Been (1992; ITS-1) and Niu and Wei (1993) were the first to address a taxonomic hypothesis in lichenology (i.e., the status of Lasallia rossica Dombr. and L. papullosa (Ach.) Llano) using ITS sequence variation.
The main objectives of this study are to: (1) test the applicability of fungus-specific primers designed for mycorrhizal ascomycetes (Egger, 1995) for the amplification of the ITS region of lichenized fungi using a total lichen DNA template; and (2) test the hypothesis ''one fungus-two photomorphs'' based on nucleotide sequences of the ITSs and 5.8S gene of members of photomorph pairs in the Peltigerineae.
MATERIALS AND METHODS
DNA extraction. Thallus fragments of composite photomorphs were sampled from fresh or dried herbarium collections of photomorphic species of Peltigera and Nephroma (Table 1) . DNA was also extracted from putative related taxa, P. malacea and N. expallidum, to assess the degree of divergence among related species. The lichen samples were soaked in distilled water and all contaminating plant material was removed under a dissecting microscope. The samples were then air-dried overnight and lyophilized prior to the extraction. The extraction protocol is based on modifications of Doyle and Doyle's method (1987;  modified protocol available from senior author). The DNA was then suspended in 100 µl of TE at 65°C for 10 min and kept at 220°C. The DNA concentration was determined by fluorometry following the manufacturer's instruction (TKO 100 mini-fluorometer, Hoefer).
PCR-DNA amplification. The amplification reaction was performed in 50 µl vol including 50 mM KCl, 10 mM Tris-HCl, 0.1% Triton, 5% glycerol, 2.5 mM MgCl 2 , 20 µM of each dNTP, 0.2 µM of the universal primer ITS5 (White et al., 1990) and the ascomycete-specific primer NL6A (Egger, 1995;  Fig. 1 ), and 0.2 to 30.0 ng of template DNA. This solution was overlaid with 30 µl of mineral oil. The samples were exposed to the following temperature profiles using a Grant thermal cycler: one cycle of 94°C for 3 min and 85°C for 4 min during which 1 unit of Taq DNA Polymerase (Promega) would be added to each tube, and 30 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 2 min, and finally one segment of 72°C for 10 min, after which the samples were kept at 15°C before being placed at 4°C until electrophoresis. Single-stranded ''forward'' and ''reverse'' templates for the sequencing reaction were prepared via an asymmetric PCR amplification following the same protocol as above, except that only one of the two PCR-primers was included in the reaction. The singlestranded product was precipitated with 20% PEG/2.5 M NaCl, washed first with 70% EtOH, then with 95% EtOH before being suspended in 7 µl of TE (Morgan and Soltis, 1993) .
Sequencing and alignment. We used the ''universal'' primers ITS1 and ITS4 (White et al., 1990) to sequence the spacer ITS-1 and 5.8S gene from the forward strand and the spacer ITS-2 and the 5.8S gene from the reverse strand, respectively ( was sequenced using the dideoxy chain termination method (Sanger et al., 1977) with the T7 DNA Polymerase Version 2.0, following the manufacturer's instructions (Amersham, Canada). The sequencing product were electrophoresed on a 6% polyacrylamide gel, at 2400 V for 4 h. The autoradiograms were read manually and the sequences were entered in MacClade 3 (Maddison and Maddison, 1992) and aligned using Clustal V, Version 1.4 (Higgins et al., 1992; Thompson et al., 1994) followed by minor manual adjustments. In order to determine the length of each spacer, the sequences of ITS region of Peltigera and Nephroma were compared to available sequences of various fungi: Alternaria alternata (GenBank Accession No. U05195), Elsinoe australis (U18057), Epichloe typhina (X62987), Gaeumannomyces graminis (U08320), Leptosphaeria bicolor (U04203), Sclerotiniaceae (Carbone and Kohn, 1993) , Septoria nodorum (U04237). Sequences were then submitted to the Genome Sequence Data Base and the accession numbers are given in Table 1 . Absolute distance matrices were obtained by using PAUP 3.1 (Swofford, 1993) . The algorithm for distance measures ignores uncertain or missing characters, if they occur in one of the two taxa compared (Swofford, 1993) . Neighborjoining trees were constructed from ''p-distances,'' that is the proportion of nucleotide site at which two sequences compared are different (Kumar et al., 1993) , using MEGA software package (Kumar et al., 1993) . To determine the nature of the sequenced product obtained from total lichen DNA, identified 5.8S sequences of Peltigera and Nephroma were then compared by neighbor-joining (p-distances) to available 5.8S sequences of several fungi [i.e., Alternaria alternata (U05195), Fusarium sambucinum (X65477), Gaeumannomyces graminis (U08320), Sclerotinia sclerotiorum (M96382), Septoria nodorum (U04237)], and algae [i.e., Chlamydomonas reinhardtii (X65621), Cladophora vagabunda (Z38134), and Gloeotilopsis planctonica (Z28970)] retrieved from Genbank.
RESULTS
The size of the fragment generated using total lichen DNA ranged from approximately 950 bp for Nephroma to 1050 bp for Peltigera, which is comparable to that found for other ascomycetes (Egger, 1995) . Comparison of the 5.8S sequences obtained from total lichen extracts with that of various fungi and algae shows that the ''lichen'' sequences are more similar to fungal than to the algal sequences (Fig. 2) . Amplification products derived from the DNA of each photomorph of a single pair appeared identical in size with electrophoresis. The sequencing reactions for species of Peltigera yielded alignable sequences between 545 (P. malacea) and 553 (P. aphthosa 1) nucleotides (nt) long (Table 2) . Thirty positions of these 3848 nt (0.78% of complete matrix) could not be scored with confidence, were left as ambiguous, and are automatically excluded from absolute distance values given below. Aligning the sequences of Peltigera species required the inclusion of 79 positions to accommodate insertions or deletions (indels). Comparison with published ITS and 5.8S sequences allowed for the delimitation of the position of both spacers and the 5.8S gene. The size of spacers 1 and 2 varies between species by 15 and 12 nt, respectively ( Table 2 ). The G 1 C content varies between 37.3 to 44.1% in the first spacer and 38.0 to 40.3% in the ITS-2. Within the 5.8S gene, five positions are affected by indels, with, however, only a 2-nt difference in overall length, between the species. For the noncoding regions, the absolute distances between each pair of sequences, measured as the number of variable characters scored and excluding indels and uncertainties, varies between 0 (within each pair of photomorphs and among all samples of P. aphthosa) to 99 (between P. malacea and P. leucophlebia; Table 3 ). Of the 213 positions assigned to the ITS-1, 90 (542%) are variable and 36 of these (17% of total) only vary by the presence of an indel in at least one taxon. In the ITS-2, 30 (13%) of 81 (37%) polymorphic characters are invariant except for the indel. When excluding the indels and uncertainties, the 5.8S gene varies only between P. leucophlebia and all other taxa and among the three samples of P. leucophlebia (Table 3) . Polymorphism is found at 16 positions (10%) of the coding region, and indels distinguish taxa at only 6 (4%) of these sites. Overall, mutations prior or subsequent to indels are found in 7 characters. The sequence of P. britannica differs from that of P. aphthosa by 3 point mutations and 3 insertions, with all except one point mutation located in the ITS-1. The joined cyanoand chloromorphs of ''P. leucophlebia'' differ in their ITS sequences from other samples of P. leucophlebia, but share identical sequences with P. aphthosa (Table 3) . Peltigera malacea is phenetically closer to P. aphthosa than to P. leucophlebia ( Fig. 3; Table 3 ). No intraspecific variation was detected between the two specimens of P. aphthosa, but 9 changes were recorded among the three specimens of P. leucophlebia (1, 2, 3; Table 3 ). The variation found within P. leucophlebia (1, 2, 3) was much less than the interspecific divergence found within Peltigera.
For the species of Nephroma, sequences of 490 to 510 nt Photomorphs in the Peltigerineae were generated. Aligning the sequences required introducing an additional 32 sites to accommodate indels. It was not possible to determine the beginning of spacer 1 nor the end of spacer 2 and therefore no intraspecific distance measures were computed for these regions. The 5.8S gene is 159 nt long and starts at position 206. Among the species of Nephroma, the nucleotide sequence of the 5.8S varies only by a 1-nt indel and one point mutation (less than 2% variation in total). The comparison between Nephroma and Peltigera also required numerous indels that did not allow a reliable alignment of the sequences. Consequently, no distance measures, except for the 5.8S region were calculated.
DISCUSSION
The 5.8S gene is common to all eukaryotes and is homologous to a portion of the 23S gene of prokaryotes (Jacq, 1981) . The sequence of the 5.8S gene is highly conserved and because of its small size it yields characters that are most useful in resolving relationships of taxa that have diverged prior to the Paleozoic (Hillis and Dixon, 1991) , such as fungi and photosynthesizing organisms (Knoll, 1992) . A comparison of the 5.8S gene sequences obtained from total lichen DNA samples with those from fungi and algae suggests a higher similarity between ''lichen'' and fungal sequences than between the former and algal sequences (Fig. 2) . We can therefore assume that the primer NL6A annealed preferentially, if not exclusively, to fungal DNA and that the sequences of the ITS region derived from an amplified product using this primer in the presence of total lichen DNA, correspond to the nucleotide sequence of the mycobiont. Attempts to amplify the ITS region from pure algal DNA using the ascomycete-specific primer NL6A did not yield any products (results not shown), supporting the hypothesis that the sequences obtained with total lichen DNA extracts truly belong to the mycobiont.
The sequence of the transcribed spacers varies between putatively related taxa of Peltigera and Nephroma, but exhibits little variation, if any, between conspecific sam-
FIG. 2.
Neighbor-joining analysis of 5.8S gene sequences of Nephroma arcticum, N. expallidum, Peltigera leucophlebia 3, and P. malacea to selected algae and fungi. The 5.8S sequences of the lichen were obtained from PCR products amplified from total lichen DNA extracts. The neighbor-joining tree is constructed using p-distances; i.e., the proportion of differences (Kumar et al., 1993) . ples (Table 3 ; Fig. 3 ). The only report of the cyanomorph of P. leucophlebia (Goward et al., 1995) was based on the collection included in this study. The ITS sequences for both of the photomorphs present in that collection are identical to those of P. aphthosa. The specimens are rather poorly developed, and had originally been determined on the basis of thallus chemistry (Goward, personal communication) , which earlier appeared to be more congruent with that of P. leucophlebia, but is now known to overlap with that of P. aphthosa (Goward et al., 1995) . We therefore conclude that the putative photomorphs of P. leucophlebia should be assigned to P. aphthosa. Consequently, the cyanomorph P. leucophlebia remains unknown. The strict identity of ITS sequences of joined photomorphs supports the hypothesis that within the putative photomorph pairs of P. aphthosa, P. britannica, and N. arcticum the cyanoand the chloromorph share the same mycobiont species. Whether photomorphs should therefore by considered phenotypes of a single genotype-an implicit assumption made by Brodo and Richardson (1978) who interpreted the two photomorphs as alternative life strategies-is not clear. Nucleotide sequence variation of the ITS is generally low within a species (Baldwin et al., 1995; Gardes et al., 1991; Gardes and Bruns, 1993; Sanders et al., 1995) , with exceptions known mainly from algae (Bakker et al., 1992; Kooistra et al., 1992; Adachi et al., 1994; Coleman et al., 1994; Ward et al., 1994; Zechman et al., 1994) and phytopathogenic fungi (O'Donnell, 1992; Morales et al., 1993; Poupard et al., 1993) . ITS data therefore generally do not provide insights into the distribution of the overall genetic diversity of a species among its populations. The complete identity of the ITS sequences between two samples may thus suggest that the photomorphs are conspecific, but we cannot exclude the hypothesis that these individuals may represent distinct genotypes of a single species.
A genetic distinction of attached photomorphs is, however, difficult to rationalize. Photomorphs of Peltigera for example are most frequently, if not exclusively, joined. Genotypic heterogeneity between these thalli could occur (1) through somatic mutations in the putative gene controlling the selection of either photobiont or in the gene controlling its expression or (2) through the fusion of two thalli (or mycelia) early in their development (Fahselt, 1996) . The first explanation seems very unlikely since ''homologous'' somatic mutations would have to occur independently and repeatedly in all photomorphic chloromorphs prior to the development of cyanomorphic lobes. Thallus fusion, the basis for the second hypothesis, has been demonstrated with the fusion of soredia during the asexual reproductive cycle of Peltigera didactyla (With.) Laund. (Stocker-Wö rgö tter and Tü rk, 1990) and has been suggested as accounting for chemical hybrids between the two varieties of this species (Goffinet and Hastings, 1995) . Since alternative photomorphs of a single pair rarely occur independently, particularly in the species studied here, thallus fusion would be a prerequisite for the development of cyanomorphs in Peltigera and Nephroma. In the absence of data supporting a genotypic differentiation of photomorphs, the most parsimonious interpretation would be to regard them as phenotypes of a single genotype. Recent ontogenetic studies on P. aphthosa (L.) Willd. and P. leucophlebia (Nyl.) Gyelnik reveal that the development of the main, green cephalodiate thallus is initiated from a prothallus including Nostoc as the sole photobiont (Stocker-Wö rgö tter and Tü rk, 1994; Yoshimura et al., 1994) , and this initial symbiotic stage involving cyanobacteria seems obligatory for all chlorophilous Peltigerineae (Holtan-Hartwig, 1996) . The simultaneous symbioses between a mycobiont and one prokaryotic and one eukaryotic photobiont, combined with the exclusive or preferential symbiosis at different stages of the life history, with the cyanobacterium or the green alga, respectively, suggests that the selection of a photobiont is genetically controlled. The two genes (e.g., one per photobiont) that would be involved would not be homologous since they may be expressed simultaneously. The nature of the primary photobiont thus varies with the developmental stage of these lichens. Considering further that not all chlorolichens of the Peltigerineae are known to be photomorphic (e.g., P. leucophlebia see above; and P. aphthosa in part of its range; see for example Holtan-Hartwig, 1993) , leads to suggesting that photomorphism-the ability of a mycobiont to develop a thallus with either a green alga or a cyanobacterium-must have a genetic basis, too. Applied to the P. aphthosa-group, the following hypotheses regarding a genetic differentiation of photomorphism can now be   FIG. 3 . Neighbor joining analysis of sequences of the ITS region (excluding the 5.8S gene) for alternative photomorphs of P. aphthosa, P. britannica, P. leucophlebia, and the cyanolichen P. malacea. The ITS sequences of the lichen were obtained from PCR products amplified from total lichen DNA extracts. The neighbor-joining tree is constructed using p-distances; i.e., the proportion of differences (Kumar et al., 1993). raised: (1) all populations of P. aphthosa have the potential to develop alternative photomorphs, and P. aphthosa and P. leucophlebia differ genetically by their ability to develop photomorphs; (2) thalli of P. aphthosa that produce or have the potential to produce cyanomorphs are genetically distinct from those that do not. In order to better understand the evolutionary significance of photomorphism, we therefore need to examine not only the genetic structure of photomorphic species but also their phylogenetic relationship to congeneric taxa.
In addition to the photomorph hypothesis, our data also have some taxonomic and evolutionary implications for the genus Peltigera. Holtan-Hartwig (1993) recently included P. malacea, a species lichenized only with a cyanobacteria, in the P. aphthosa-group, which has traditionally been restricted to taxa with green algae as primary and cyanobacteria as secondary photobionts. ITS sequence data provide evidence for a close relationship between P. malacea and P. aphthosa (Table 3 ; Fig. 3 ), even though a broader sampling of taxa would be necessary for a definite inclusion of this taxon in the P. aphthosa-group. The taxonomy within the P. aphthosa group has also undergone several recent changes with the recognition of P. britannica and P. leucophlebia as species distinct from P. aphthosa (Vitikainen, 1981; Tønsberg and Holtan-Hartwig, 1983) . The circumscription of the highly variable P. aphthosa is still subject to debate. While Thomson (1984) and Vitikainen (1994) question the taxonomic status of P. leucophlebia and P. britannica, respectively, others suggest recognizing new entities (Holtan-Hartwig, 1993; Goward et al., 1995) . The taxonomy of this group relies mostly on continuous variation of morphological characters (see treatment in HoltanHartwig, 1993; Vitikainen, 1994; Goward et al., 1995) . Secondary chemistry offers an additional source of information, but is not well studied from taxa outside of Europe. Currently accepted concepts recognize a morphologically and chemically variable P. aphthosa, while other species of the P. aphthosa-group exhibit little variation in these characters (Holtan-Hartwig, 1993; Goffinet and Hastings, 1994; Vitikainen, 1994; Goward et al., 1995) . ITS sequence data support the taxonomic distinction of P. leucophlebia and P. britannica from P. aphthosa, even though the P. britannica differs proportionally much less from P. aphthosa than does P. leucophlebia (Table 3 ). The molecular divergence between P. aphthosa and P. leucophlebia is stronger than expected from chemical and particularly morphological differentiation. Considering that these two species may be more ''distantly'' related ( Fig. 3 ) than previously thought (Thomson, 1984, see above) , our data suggest that changes in morphological characters may be strongly selected against in the evolution of the P. aphthosa-group. Alternatively, molecular and morphological evolution could be decoupled, resulting in large genetic divergences associated with speciation (Vilgalys and Johnson, 1987; Bruna et al., 1996 , and references therein). In either case, genetic divergence may be further enhanced by ancient diversification of the genus. Fossil evidence supporting an ancient origin of the genus is lacking, but the Peltigerineae have been considered an ancient lineage by Hawksworth (1988a, b) and Galloway (1991) on the basis of the rich lichenicolous fungi flora restricted to its species and the great chemical diversity found within and among its genera. Thorough monographic treatment of this group is needed for these evolutionary hypotheses to be further investigated using molecular techniques, such as restriction fragment length polymorphism of the small subunit of the nrDNA repeat (DePriest 1993a, b; Beard and DePriest, 1996) or enzyme polymorphism (Fahselt, 1991) .
The present study demonstrates the applicability of fungus specific primers for the amplification of the ITS region of the nrDNA repeat of lichenized mycobionts using total lichen DNA extracts. Comparisons of ITS sequences obtained for joined photomorphs of Peltigera and Nephroma suggests that lichenized mycobionts of a cyanomorph-chloromorph pair belong to a single species. Although ITS sequence data do not provide any insights into the intraspecific genotypic diversity, the most parsimonious interpretation of photomorphs is to regard them as phenotypes of a single genotype. Whether photomorphism or the ability to select either a green algae or a cyanobacterium as primary photobiont in (part of) the mature thallus is itself environmentally induced or genetically determined is not clear and needs to be addressed further by integrating population genetic and phylogenetic studies.
